The present review of noncaloric sweeteners (NCSs) by the Asociación Mexicana de Gastroenterología was carried out to analyze and answer some of the most frequent questions and concerns about NCS consumption in patients with gastrointestinal disorders, through a thorough review of the medical literature. A group of gastroenterologists and experts on nutrition, toxicology, microbiology, and endocrinology reviewed and analyzed the published literature on the topic. The working group formulated conclusions, based on the scientific evidence published, to give an opinion with respect to NCS ingestion. Current evidence does not confirm the carcinogenic potential of NCSs. However, the studies analyzed showed that saccharin could have a proinflammatory effect and that polyols can cause gastrointestinal symptoms and manifestations, depending on the dose and type of compound. The ingestion of xylitol, erythritol, ଝ Please cite this article as: Bueno-Hernández N, Vázquez-Frías R, Abreu y Abreu AT, et al. Revisión de la evidencia científica y opinión técnica sobre el consumo de edulcorantes no calóricos en enfermedades gastrointestinales. Revista de Gastroenterología de México. 2019;84:492---510.
sucralose, aspartame, acesulfame K, and saccharin could increase the secretion of the gastrointestinal hormones that regulate intestinal motility, and stevia and its derivatives could have a favorable effect on the percentage of liver fat. Caution should be taken in recommending aspartame consumption in patients with chronic liver disease because it reduces the ratio of branched-chain amino acids to aromatic amino acids. In addition, NCS ingestion could modify the composition of the intestinal microbiota, having an effect on gastrointestinal symptoms and manifestations. It is important to continue conducting causality studies on humans to be able to establish recommendations on NSC consumption. 
PALABRAS CLAVE
Edulcorantes no calóricos; Inflamación; Microbiota; Síntomas gastrointestinales; Cirrosis Introduction Carbohydrates (CHOs) are an important and necessary part of a healthy diet. According to the Food and Agriculture Organization, 1 CHOs should make up from 45 to 60% of the daily energy intake in adults and in children above one year of age. Monosaccharides and disaccharides, commonly known as sugars, are an important part of the CHOs available in foods. Their dietary requirements are chiefly met by the consumption of fruits, fruit juices, vegetables, milk and dairy products, cereals, and foods containing added sugars and starch hydrolysates. 2 The consumption of foods with a high CHO content has increased worldwide and they have been associated with metabolic syndrome (MS), cardiovascular diseases, and type 2 diabetes mellitus (DM). Thus, new ingredients, such as the noncaloric sweeteners (NCSs), have emerged to provide foods with the same sweet taste of those sugars, but without the effects attributed to them.
Currently, NCSs are widely used in the formulation of foods and beverages, mainly for their low or null calorie content, their low cost, and their sweetness intensity, compared with sucrose (table sugar) or other caloric sweeteners. 3, 4 NCSs were introduced into the food industry more than 100 years ago and have gained in popularity due to the perceived health benefits of weight loss and improved blood glucose concentrations. 5 Different NCSs are regularly used in the food industry worldwide, depending on each country's regulations. The US Food and Drug Administration (FDA) has approved six NCSs: saccharin, aspartame, neotame, acesulfame-K, sucralose, and advantame. In addition, the two substances, stevia and luo han guo, have been determined to be generally recognized as safe (GRAS). 6 Each of those sweeteners has a different intensity, chemical formula, and metabolism associated with gastrointestinal symptoms and manifestations, as shown in Table 1 . 3, 6 Table 1 The main NCSs on the market, sweetness intensity, sources, and characteristics of interest in the production of gastrointestinal symptoms and manifestations.
Sweeteners
Main characteristics Saccharin It has a bitter or metallic taste, is used in sodium or calcium salt forms, and is 200 to 700-times sweeter than sucrose. Aspartame
It is a methyl ester of the aspartic acid and phenylalanine dipeptide, which under very acid or alkaline conditions can be converted into methanol by hydrolysis, and it is 20-times sweeter than sucrose. Neotame
It is a derivative of the aspartic acid and phenylalanine dipeptide compound and is 7,000 to 13,000-times sweeter than sucrose. Acesulfame-K It is a crystalline potassium salt, 200-times sweeter than sucrose. Sucralose From 11 to 27% is absorbed, with the rest remaining in the gastrointestinal tract until expelled in feces, and it is 600-times sweeter than sucrose. Advantame It is 20,000-times sweeter than sucrose. Stevia
It is a heat-stable sweetener of natural origin and 200 to 400-times sweeter than sucrose. Luo han guo It is 100 to 250-times sweeter than sucrose. Polyols (xylitol, mannitol sorbitol, maltitol)
They are four-carbon sugar alcohols, a product of fermentation of glucose and sucrose, low-digestible, with a high osmotic potential in the intestinal lumen, and they are 60 to 80% sweeter than sucrose.
Source: Chattopadhyay et al. 3 and FDA. 6 To be approved by the FDA, each NCS must undergo testing to establish the amount that is acceptable and safe for consumption, known as the acceptable daily intake (ADI) ( Table 2 ). The ADI is established through toxicity testing on different animal species at different life stages and in several generations and by determining the absorption, digestion, metabolism, and excretory capacity in humans. 6, 7 There has been an increased intake of the abovementioned NCSs in the population with DM and in healthy persons as a result of lifestyle changes worldwide, especially in the countries that consume a Western diet. Therefore, they are more frequently found in foods and beverages that are not necessarily labeled as low-calorie or sweetened with an NCS. 8 In the United States, a study was recently published that showed that 15% of the production volume of foods and beverages between 2005 and 2009 contained NCSs, and that figure has been gradually rising. 9 Nevertheless, some studies have related NCS ingestion to an increased risk for obesity, MS, and type 2 DM. However, given the complexity of NCS evaluation in humans, there are few randomized clinical trials assessing their effect on health, and the methodology of those studies has been questioned. 5,10---18 Specifically, the studies on the gut microbiota have been the most controversial, given its diversity that is dependent on different host conditions and their interaction with diet. Thus, the majority of measurements have been made through the association of the microbiome (genome of the microbiota), the presence of NCSs in the colon, and the possible clinical manifestations. 19, 20 In addition, the NCSs that are not completely absorbed in the small bowel could cause alterations in the gut microbiota, modifying the bacterial balance, 21 which could then trigger changes in bowel habit and motility, producing increased gastrointestinal manifestations in patients with a gastrointestinal disease. 22 Therefore, the aim of the present work was to provide an expert opinion, with respect to the effect of NCS ingestion on gastrointestinal health, based on published scientific evidence, through a thorough review of the existing literature (Table 3 ).
Methodology
Tw o general coordinators from the areas of gastroenterology and nutrition (RVF and NBH) were designated and experts in gastroenterology, nutrition, toxicology, microbiology, and endocrinology were invited to participate in the review. A thorough search of the literature was carried out utilizing the following databases: The Cochrane Central Register of Controlled Trials (CEN-TRAL), MEDLINE (PubMed), EMBASE (Ovid), LILACS, CINAHL, BioMed Central, and the World Health Organization International Clinical Trials Registry Platform (ICTRP). The search included articles published within the time frame of 1969 to 2018. The search criteria consisted of the following terms: «artificial sweeteners» «noncaloric sweeteners» combined with the terms: «stevia», «sucralose», «aspartame», «acesulfame-k», «saccharin», «inflammation», «polyols», «microbiota», «carcinogenesis», «treatment», «gastrointestinal symptoms», «cirrhosis», «cancer», «therapy», «NAFLD», «NASH», «review», «guidelines» and their Spanish equivalents. The complete bibliography was distributed to all the members of the review team. The coordinators then formulated questions that were submitted to a first electronic evaluation to assess their drafting, content, and clinical relevance. Four teams composed of 4 or 5 collaborators each had the task of answering 5 questions, based on the evaluated scientific evidence. Each of the evidence-based answers was openly presented, discussed, analyzed, and agreed upon by all the participants. Once there was a consensus on the response and opinion, a summary was drafted for its incorporation into the final document.
Results

General characteristics of the noncaloric sweeteners
NCS absorption, metabolism, and excretion varies, depending on the compound and its quantity ( Table 1) .
Acesulfame-K is a derivative of hydrophilic organic acid that is almost completely absorbed in the small bowel by microvilli action, to then enter the systemic circulation and be distributed to the tissues of the entire body. Ninety-nine percent of the nonabsorbable portion is excreted in urine and less than 1% in feces, without being metabolized. 23 Aspartame is a chemical bond of two amino acids (phenylalanine and aspartic acid). Its hydrolysis and absorption take place in the gastrointestinal tract through the action of esterases and peptidases. Its products that are absorbable in the intestinal mucosa are methanol (10%), aspartic acid (50%), and phenylalanine (40%), which take different metabolic pathways, depending on their composition. 24 Saccharin is an o-benzoic acid sulfimide, 85 to 95% of which is absorbed in the small bowel. It binds reversibly to plasma proteins and is distributed to all the organs. The nonabsorbable portion is eliminated in urine and feces, without being metabolized. 24 Steviol glycosides, also known as ''stevia'', are obtained from a plant (Stevia rebaudiana Bertoni) whose leaves produce extracts of two of the sweet glycosides, stevioside and rebaudioside. They are slowly absorbed into the portal circulation and can undergo glucuronidation in the liver and be re-transported by bile into the intestine. 25 Cyclamate is the sodium salt or calcium salt of cyclamic acid (cyclohexylsulfamic acid). Approximately 40% is absorbed by the intestine and eliminated in urine without being metabolized. Thirty percent of the non-absorbed portion is metabolized by the microbiota (Enterococcus) into cyclohexylamine, cyclohexanol, and cyclohexanone. 26, 27 
Noncaloric sweeteners and their relation to the inflammatory gastrointestinal process
There are no studies on humans about the effect of NCSs and the inflammatory process. The evidence is limited and comes from cell lines or studies on animal models. 28 A study conducted on a murine model showed that saccharin administered for 6 months induced increased expression of certain inflammation factors, such as the inducible nitric oxide synthetase (iNOS) enzyme and tumor necrosis factor-alpha (TNF-␣) in male rat livers (C57BL/6 J). Said study suggested that the mRNA expression of the genes that encode those factors could be indirectly associated with the alteration of the gut microbiota and its metabolic functions. 29 On the other hand, steviol glycoside and its related compounds have antioxidant and anti-inflammatory effects. Stevioside has been shown to significantly suppress the release of TNF-␣ and interleukin (IL)-1ß, induced by lipopolysaccharides and the mild suppression of nitric oxide in THP-1 monocytes (a leukemia-derived cell line), without having a direct toxic effect. 30 Likewise, different studies have shown that high concentrations of stevioside and steviol reduced the viability of human colon cancer cell lines. Specifically, steviol increased chloride secretion and attenuated the IL-8 production stimulated by TNF-␣. 31 Likewise, stevioside dose-dependently inhibited the expression of TNF-␣, IL-6, and IL-1␤ in RAW264 cells (murine macrophagic monocytes) stimulated by lipopolysaccharides and exerted an anti-inflammatory property by inhibiting NF-␤ activation, the mitogen-activated protein kinase signaling, and the release of proinflammatory cytokines. 32 In other studies, stevioside and steviol showed no cytotoxicity in cell cultures and both compounds had mediating effects on the inflammatory process through the potential release of TNF-␣, IL-1␤, and IL-6. At present, the findings suggest that stevioside could be a therapeutic agent in inflammatory diseases, and that steviol and isosteviol, together with rebaudioside A, could have therapeutic benefits because they have been associated with antihyperglycemic, antihypertensive, anti-inflammatory, antitumor, antidiarrheic, diuretic, and immunomodulatory beneficial actions. 33 In conclusion, there is scant experimental evidence on a potential direct proinflammatory effect of saccharin. To the contrary, there is evidence, albeit no clinical studies, with respect to the anti-inflammatory activity of steviol and its derivatives.
Polyols and gastrointestinal manifestations
To analyze the gastrointestinal symptoms and manifestations associated with NCS ingestion, it is important to differentiate the high-intensity sweeteners from those that provide volume and texture. Polyols used as additives or to confer volume, texture, or sweetness to foods, belong to that latter group. 34 The polyols erythritol, isomaltol, lactitol, maltitol, polyglycitol, mannitol, sorbitol, xylitol, and tagatose are hydrogenated CHOs present in some fruits, vegetables, mushrooms, and some industrialized foods. 35, 36 Erythritol is absorbed in the small bowel without being metabolized and so ingestion of 80 g per day is tolerated, 37 whereas isomaltol is partially absorbed and highly fermentable by the gut microbiota of the colon (approximately 90%). 34 Consequently, those low-digestible CHOs can cause diarrhea and other gastrointestinal manifestations, such as flatulence, bloating, and abdominal discomfort. 38 Symptoms vary depending on their dose, if they are liquid or solid, if they are consumed together with other foods, and ingestion velocity, among others. 39 Wolnerhanssen et al. conducted a double-blind, randomized clinical trial with 10 subjects per group to evaluate the effect of xylitol (50 g) and erythritol (75 g), compared with placebo (75 g of glucose), on the release of glucagon-like protein-1 (GLP-1), cholecystokinin (CCK), and gastric emptying. The results showed that volunteers that consumed erythritol and xylitol had a delay in gastric emptying and increased secretion of GLP-1 and CCK. 40 Other studies have tested dosage to make recommendations regarding the tolerability of those NCSs. The doses tested varied from 20 g/day (mannitol) to 40 g/day (isomaltol, maltitol, and polyglycitol). 41 However, some studies have shown that a dose above 20 g/day of lactitol caused flatulence and distension. Likewise, sorbitol, at doses of 20-30 g/day, caused abdominal pain, and at doses above 50 g/day, caused osmotic diarrhea. 42 Thus, it can be concluded that polyols can cause gastrointestinal symptoms and manifestations, depending on the type of compound and the dose ingested.
Noncaloric sweeteners and intestinal motility
There is little direct evidence that relates NCS ingestion to intestinal motility modifications. Results in animal models suggest that certain NCSs can promote the release of GLP-1 or gastroinhibitory peptide, which modify intestinal movement. 43, 44 In vivo and in vitro studies 44, 45 have shown that sucralose, aspartame, and acesulfame-K cause enteroendocrine cell stimulation, increasing the release of GLP-1, CCK, and peptide YY (the anorexigenic peptide released by the cells of the colon). One hypothesis is the activation of sweet taste receptors in the mouth. However, similar responses have been seen by directly infusing NCSs into the intestine, due to the presence of sweet taste receptors in the small bowel. NCSs could bind to those sweet taste receptors, stimulating the release of the gastroinhibitory peptide and GLP-1, which modify intestinal movement. Nevertheless, conclusive effects on intestinal motility, or an increase in GLP-1 or insulin, have not been seen in clinical trials, 46 nor have studies with aspartame and saccharin shown clinical evidence of gastric emptying disorders. 47---49 In contrast, the results of Meyer-Gerspach et al. showed that there was greater appetite stimulation and reduced satiety, after acesulfame-K ingestion, compared with a placebo group that did not show those changes. 50 Brown et al. reported that the ingestion of sucralose and acesulfame-K in carbonated beverages, prior to a glucose load, produced a significant increase of GLP-1. 51 Those results were reproducible in other populations, in which there was a significant association between the ingestion of those NCSs plus glucose and a greater release of GLP-1. 52, 53 In conclusion, there are studies on animal models that have shown an increase in gastrointestinal hormone secretion indirectly related to intestinal motility. However, there is not enough information on humans to sustain that NCSs, per se, directly affect intestinal motility. Thus, more studies are needed to establish their role in digestive tract functioning.
Noncaloric sweeteners and cancer in the digestive tract
Studies conducted at the beginning of the 1970s on animal models exposed to high doses of saccharin showed carcinogenic effects in the bladder. That triggered a series of clinical studies on humans that evaluated the carcinogenic effect of NCSs, and the results were not reproducible. Likewise, no scientific evidence on humans has currently been published that describes its carcinogenic effect in the bladder. 54 Cyclamate was also studied under the same conditions, and at present, no carcinogenic effects on the bladder have been described. 55 A case-control study (556 cases of stomach cancer or pancreatic cancer vs. 1,199 controls) on an Italian population, whose aim was to evaluate the risk for cancer from saccharin and aspartame ingestion, showed no statistically significant differences for the development of gastric cancer or pancreatic cancer. The authors concluded that there was no increased risk for neoplasias common in that population. 56 In another case-control study that evaluated the role of saccharin and other NCSs in cancers of the esophagus, colon, or rectum, the ingestion of more than 2 packets (24 mg of sucralose) or tablets of the NCS per day vs. none, showed no increase in the risk for those cancers. Similar results were found for colon cancer and rectal cancer for consumers of other NCSs, especially aspartame, vs. nonconsumers. The authors concluded that there was no statistically significant evidence to sustain that saccharin or aspartame increased the risk for cancer in humans. 57 A 2017 review by Lohner on the possible positive or negative health effects of NCSs on healthy subjects included 372 studies. Fifty-one primary studies evaluated the association between NCS ingestion and the risk for cancer. Of the study total, only four were case-control studies that evaluated the risk for cancer in the digestive tract. One of them assessed the risk for colorectal cancer, showing a significant increase with the use of NCSs. However, two studies evaluated the risk for pancreatic cancer, finding no association with NCSs, and another study evaluated the risk for bile duct cancer, finding no significant associations. 58 Regarding hepatocellular carcinoma, one study assessed the safety of cyclamate. Twenty-one macaques were given cyclamate at doses of 100 mg/kg/day or 500 mg/kg/day, from birth up to 24 years. Three of the 21 macaques presented with cancer, one of which was hepatocellular carcinoma. The study employed doses above the ADI for humans (11 mg/kg/day) for a long period of ingestion, but despite the cases of liver cancer observed, the evidence did not conclusively show that cyclamate produced a risk for developing hepatocellular carcinoma. As explained by the authors, the incidence of neoplasias observed in the macaques was normal. 26 Importantly, the latest International Agency for Research on Cancer (IARC) monograph on the evaluation of carcinogenic risks to humans stated that NCSs are considered high-priority additives for re-evaluation in future studies, because of great public interest and the fact that evidence on the topic is still inconclusive, 59 given that studies on rodents have linked NCS ingestion to the development of tumors. 60, 61 In conclusion, the majority of the scientific evidence up to the present day does not support the carcinogenic potential of NCSs. Nevertheless, due to the increase in the number of studies conducted on different animal models, more epidemiologic and causality studies on humans are needed for a definitive conclusion.
Noncaloric sweeteners in nonalcoholic fatty liver disease and steatohepatitis
With respect to the effect of NCSs on the pathophysiology and progression of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH), no studies have been conducted on humans at present. Nevertheless, in a study by Holvoet et al., they evaluated the effect of steviaderived compounds on lipid accumulation in the liver in mice that were genetically modified to not produce the leptin hormone (OB/OB). The mice were divided into a control group, a group treated with stevioside (10 mg/kg/day), a group treated with rebaudioside A (12 mg/kg/day), and a group treated with steviol (5 mg/kg/day). There was a decrease in the percentage of liver fat in all the groups treated with stevia-derived compounds. Likewise, improvement in the hepatic metabolism of glucose and protection against oxidative stress were observed with the administration of those compounds. 62 In their study, Janssen et al. evaluated the effect of glucose, fructose, and aspartame on lipid metabolism through magnetic resonance spectroscopy (MRS) to determine their effect on the development of hepatic steatosis in Wistar rats. The intervention consisted of a solution of 13% glucose, 13% fructose, or 4% aspartame, for 7 weeks. There was a significant accumulation of liver fats in the glucose and fructose groups, induced by an increase in de novo lipogenesis, whereas aspartame did not significantly affect the fat content in the liver. 63 In conclusion, there is little evidence on the effect of NCS ingestion on NAFLD and NASH. However, studies on animal models suggest that aspartame does not appear to be associated with the pathophysiology of NASH, whereas stevia derivatives could have a favorable effect on the percentage of liver fat. More research is needed that establishes causality in clinical trials with patients.
Noncaloric sweeteners during the inflammatory process of cirrhosis of the liver and its complications
Currently, there is one study on humans and other studies on animal models that evaluate the effects of different NCSs on liver diseases.
In a randomized crossover clinical trial, Hertelendy et al. evaluated aspartame ingestion in 13 patients with chronic alcoholic liver disease. In phase 1 of the trial, 15 mg/kg/weight/day of aspartame was added to their regular diet. After a washout period of two days, phase 2 was begun, with the administration of a placebo. The results showed mean aspartame ingestion of 1,154 ± 278 mg per day and a content of approximately 650 mg of phenylalanine. There was a significant reduction in the branched-chain amino acid (BCAA)/aromatic amino acid (AAA) ratio in the aspartame group. That alteration was not found in the intervention with placebo. There were no increases in the concentrations of ammonia or episodes of clinical encephalopathy immediately after the interventions. In that sense, the study showed the safety of a single dose of aspartame, but it did not evaluate the long-term effect or the effect of sustained aspartame ingestion, given that the decrease in the BCAA/AAA ratio could make those patients more susceptible to hepatic encephalopathy in the medium term and the long term. 64 Therefore, the recommendation of aspartame ingestion in patients with chronic liver disease should be made with caution.
Latha et al. conducted the only study at present on acute liver injury in an animal model of the disease induced by lipopolysaccharides (LPSs) in 32 Wistar rats. The effect of the raw leaf of Stevia rebaudiana (500 mg/kg) and stevioside (250 mg/kg) was evaluated. There was a decrease in aspartate aminotransferase (AST) and in alanine aminotransferase (ALT) with both compounds. In addition, there was an increase in the antioxidant capacity and a decrease in the proinflammatory cytokines with both agents, but the increase was greater in the stevioside group. The conclusion from those results was that both Stevia rebaudiana and stevioside, unpurified and at very high doses, could have a protective effect on the liver, improving the clinical picture of acute liver injury. 65 Nevertheless, that dose was significantly higher than the ADI for highly purified stevia extracts in humans and therefore is not equivalent to the stevia that is marketed and approved.
The evaluation of said studies suggests that stevia compounds could have a favorable effect on acute liver injury, with Stevia Rebaudiana providing a greater benefit. However, not only were the doses employed higher than the expected doses in humans, but the type of compound was also different from the highly purified stevioside concentrations in the commercially available and approved preparations.
Different studies on liver injury have been published that were carried out on animal models, evaluating aspartame ingestion and its effects on liver function.
A study on mice analyzed the effect of chronic administration of aspartame on the glutathione redox state and the liver transsulfuration pathway in 3 groups: a control group, a group treated with aspartame (80 mg/kg, prepared in a solution of 0.9% NaCl), and a group treated with aspartame plus N-acetylcysteine (163 mg/kg, pH 6.8-7.2), for 90 days. The administration of aspartame significantly increased the concentrations of ALT and AST and there was a marked decrease in the hepatic concentrations of reduced glutathione, oxidized glutathione, and ␥-glutamylcysteine, as well as a decrease in the metabolites of the transsulfuration pathway, such as cysteine, S-adenosylmethionine, and S-adenosylhomocysteine. In addition, those effects were attenuated in the rats that received aspartame plus N-acetylcisteine. 66 Other studies have evaluated the effect of long-term aspartame ingestion on Wistar rats. In the studies that supplemented doses of 75, 500, and 1,000 mg/kg weight, the dose of 75 mg/kg significantly reduced antioxidant capacity due to the decrease in glutathione and the glutathionereductase enzyme. The effect was significantly higher at the dose of 500 mg/kg weight. At the dose of 1,000 mg/kg weight, there was severe glutathione depletion, as well as a significant decrease in glutathione peroxidase (GPX) and glutathione reductase, a significant increase in the transaminases, alkaline phosphatase, and the gamma glutamyl transpeptidase (GGT), as well as leukocyte infiltration into the liver tissue. 67, 68 Aspartame is the most widely studied NCS, with consistent results among the different studies conducted on animal models that utilized doses above and below the ADI. Under those conditions, aspartame was consistently observed to reduce the hepatic antioxidant capacity, producing altered liver function tests in animal models. Likewise, even though the results in humans did not show significant clinical manifestations, they did show a decrease in the BCAA/AAA ratio, which could potentially affect patients that are susceptible to hepatic encephalopathy (Table 4) .
It can thus be concluded that stevia compounds could be partially beneficial in acute liver injury. Aspartame should be recommended with caution in patients with chronic liver disease due to the decrease in the BCAA/AAA ratio, which could potentially affect patients that are susceptible to hepatic encephalopathy.
Noncaloric sweeteners and their interaction with the gut microbiota
The microbiota of the gastrointestinal tract is composed of 100 trillion microorganisms of at least 1,000 different bacterial species, whose participation is crucial in the physiologic and pathophysiologic processes of the host. 69, 70 The gut microbiota outnumbers human cells and it contains 100-times more genes than the human genome. 71, 72 The type and number of gut bacteria are altered by different mechanisms, which include dietary composition 73 and the wide range of diets in each region of the world. 74 The population of microorganisms is now known to have numerous functions in the intestine, such as promoting the maturation and integrity of the intestinal epithelium, protection against pathogens, immunologic modulation, intestinal immunologic balance, and the prevention of Development of a case of hepatocellular carcinoma in 1 out of 21 macaques with elevated daily intake for 24 years.
Neutral ALP: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BCAA/AAA: branched-chain amino acid/aromatic amino acid; GGT (gamma-glutamyl transpeptidase; IL: interleukin; LPS: lipopolysaccharides; TNF-␣: tumor necrosis factor ␣.
inflammation. 71 Its alteration has been linked to different diseases, including food allergies, inflammatory bowel disease, necrotizing enterocolitis, obesity, fatty liver, and colon cancer, among others. 72 Studies have evaluated the relation between diet and the gut microbiota, leading to the analysis of the effect of NCS ingestion on the gut microbiota. 75 However, there have been limitations regarding measurement techniques, doses employed, diet, and the determination of its metabolites, such as the short chain fatty acids (SCFAs). 21 Therefore, the use of methods that better represent bacterial diversity, such as bacterial (microbiome) DNA sequencing, are preferred, to obtain a more complete microbiologic profile. 76 Until a few years ago, NCSs were considered metabolically inert, with no apparent physiologic effects. However, some of them undergo numerous changes in the intestine, interacting with the microbiota, thus modifying its metabolites in the different areas of the intestine 77 (Table 5 ).
Each of the sweeteners and its possible interaction with the microbiota are listed below.
Acesulfame-K: A randomized controlled trial on animal models showed that the ingestion of acesulfame-K (37.5 mg/kg/day for 4 weeks) triggered significant changes in the gut microbiota. In that study, there was a division by sex, showing an increase in Bacteroides and Anaerostipes in males and a decrease in Lactobacillus, Clostridium, an unassigned Ruminococcaceae genus, and an unassigned Oxalobacteraceae genus in females. It should be mentioned that the concentration employed in that study was higher than the ADI in humans (higher than 15 mg/kg/day). 78 In a study conducted on humans (a cross-sectional study) that included 31 volunteers, no modifications in the gut microbiota or significant differences in the relative abundance by sexes were shown between acesulfame-K consumers and nonconsumers. 79 Nevertheless, in a review by Nettleton et al., there were changes in the microbiota and in the metabolites it produces, after acesulfame-K ingestion, specifically on the SCFAs, pyruvate and butyrate. The authors did not specify the mechanism by which the microbiota was altered. One hypothesis is that it takes place through systemic metabolites derived from the metabolome of specific bacteria that interact with the additive. 11, 80 However, in a study conducted on mice that included a group treated with a solution of acesulfame-K at 15 mg/kg of weight, there were no differences in the abundance of bacteria in feces, including Firmicutes and Bacteroidetes. The authors concluded that there were no significant differences in the microbiota. 81 Bian et al. demonstrated an association between acesulfame-K genotoxicity and the inhibition of glucose fermentation by intestinal bacteria. Acesulfame-K also exerts antimicrobial activity because it belongs to the chemical class of sulfonamides. Thus, acesulfame-K could significantly impact the content and microbial diversity of the gut microbiota. 78 In elevated doses it modifies the bacterial composition in animal models.
Aspartame: Aspartame is hydrolyzed into phenylalanine, aspartic acid, and methanol. In regular consumption, only 10% of aspartame (by weight) is converted into methanol. 82 Some studies have shown that methanol affects the growth of anaerobes and elevated concentrations completely inhibit the growth of Escherichia coli (E. coli), anaerobes, and facultative microorganisms present in the human microbiota. 83 A study on animal models (44 male rats) showed that a high-fat diet plus aspartame increased the proportion of Firmicutes and Clostridium cluster CXI. Specifically the addition of aspartame modified the proportion of Firmicutes -Bacteroidetes, due to an increase in Firmicutes, and particularly in the Clostridium cluster CXI. 84 Another study on animal models showed that low doses of aspartame modified serum metabolites, such as lysine, serine, glycine, propionate, creatine, 3-hydroxybutyrate, methanol, glycerol, and urea. That same study demonstrated that aspartame metabolism was associated with increased concentrations of propionate (a SCFA). However, in humans, aspartame has not been shown to modify glucose tolerance or insulin concentrations. Likewise, aspartame caused significant changes in the microbiota, such as an increase in Enterobacteriaceae and Clostridium leptum, modulation in the increase in Firmicutes and Bacteroidetes, and the increase in Roseburia ssp. Unlike other studies that utilized doses above the ADI, the effects found in that study were with low doses of aspartame (approximately 5-7 mg/kg/day). 84 In conclusion, aspartame releases a molecule of methanol that has the effects on the growth of anaerobes and E. coli described above, but the systemic, long-term effect of regular aspartame ingestion is unknown. Nevertheless, given that it can modify the composition of the microbiota, aspartame should be recommended with caution in patients with a chronic liver disease. More studies are needed to establish its implications in the development of metabolic diseases.
Saccharin: Saccharin is one of the most widely used sweeteners by the industry and has been analyzed in the largest number of studies. In a study utilizing adult male C57BL/6 mice conducted by Suez et al., saccharin, sucralose, and aspartame ingestion, compared with water, glucose, or sucrose, produced glucose intolerance in both the thin and obese animals. Through fecal microbiota transplantation of mice that were fed saccharin or glucose into germ-free mice, the researchers showed that the germ-free mice that received the fecal transplant from the group that consumed saccharin developed glucose intolerance, compared with those that received the fecal transplant from the group that was fed glucose. The authors suggest that the effects of the NCSs on metabolic parameters, such as insulin resistance, are partially due to the induced changes in the gut microbiota. 20 The same group of researchers analyzed the effect of saccharin on glycemic control in 7 healthy volunteers. Four of the seven subjects showed glucose intolerance at the maximum ADI of saccharin (5 mg/kg) in 3 divided daily doses. The authors concluded that the effect of NCSs on the heterogeneity of the human gut microbiota could make some individuals more vulnerable to developing glucose intolerance, after saccharin ingestion. 20 That study has been criticized by some authors because in its conclusion sections, Suez et al. state that all sweeteners affect the microbiota, producing glucose intolerance, but their study mainly evaluates saccharin. In addition, other authors have demonstrated that many of the bacterial genera and species found in rodents are not present in humans. 21 In their study, Bian et al. evaluated the effect of saccharin ingestion on a murine model of 8week-old C57BL/6 J mice. The intervention group received 0.3 mg/ml of saccharin dissolved in water, for 6 months, whereas the control group received only water. Effects on the microbiota and modifications in different bacterial genera were observed at 3 and 6 months, as well as increased levels of the iNOS and TNF␣ genes, through the examination of proinflammatory gene expression at the mRNA level. 29 In a study on a porcine model by Daly et al., they studied two groups. Both groups were on a standard diet and saccharine was added to the diet of one group. There was a significant increase in the Ruminococcaceae and Veillonellaceae families, and in particular the Lactobacillaceae family, in the group with the diet that included saccharin. However, the study did not quantify food ingestion or state the dose of saccharin. 21, 85 Sucralose: In their study on mice, Donia et al. reported a significant decrease in anaerobes, bifidobacteria, lactobacilli, and Bacteroides, as well as a reduced abundance of clostridia and the total aerobic bacteria, but the sweetener utilized (Splenda) contained 99% maltodextrins and dextrose and only 1% pure sucralose. 86, 87 In addition, Uebanso et al. evaluated the effect of sucralose and acesulfame-K on the gut microbiota and metabolism for 8 weeks in three groups of mice (a group with sucralose at 1.5 mg/kg of weight, a group with sucralose at 15 mg/kg of weight, and a control group). They found no differences in the quantity of fecal bacteria or in the abundance of Firmicutes and Bacteroidetes. However, there was a significant sucralose dose-dependent decrease in the abundance of Clostridium cluster XVIa and butyrate production. 81 Stevia: Steviol glycosides are the final absorbable product of bacterial metabolism in the colon. 76, 88 Those glycosides are not absorbed in the small intestine but are hydrolyzed by gut microbiota bacilli of the Bacteroides group. 89, 90 There is little information about the effect of those metabolites on the balance of the microbiota. Nevertheless, some studies have shown that complete stevia extracts have antimicrobial properties that can influence the population of the gut microbiota. Those changes have produced alterations in enzyme digestive activity, the production of SCFAs, and the health of the animals. 89, 91 Other studies have also shown that steviol glycosides inhibit the in vitro growth of Lactobacillus reuteri. 92 However, at present, those results cannot be extrapolated to the commercial presentations that contain highly purified steviol glycosides.
Polyols: Different studies have analyzed the effect of polyols on the gut microbiota. However, each polyol contains individual characteristics that can produce different intestinal manifestations associated with its consumption (Table 3) . 42,87,93---95 Currently, the most widely-studied polyols are isomalt, lactitol, maltitol, xylitol, and erythritol, and studies on both animal models and humans have shown that the part of those NCSs that is nonabsorbable in the small bowel, reaches the colon integrally and is rapidly fermented by the action of the microbiota, producing SCFAs, CO 2 , CH 4 , and H 2 . 34 Some polyols, such as lactitol and erythritol, have greater interaction with the gut microbiota that is associated with digestive alterations. In the case of lactitol, the small quantities of hydrogen and SCFAs that it produces are utilized as a source of energy for Bifidobacterium and Lactobacillus spp, which lowers the intestinal pH, as well as the production and absorption of ammonia (NH 3 ). 42,96---98 Erythritol inhibits Streptococcus mutans growth 42, 99 and is poorly fermentable by the gut microbiota, which could give it prebiotic qualities. 99 With those results, it can be concluded that NCSs potentially have the capacity to modify the composition of the gut microbiota, which could have an effect on some gastrointestinal manifestations. Nevertheless, it is important for more studies to be conducted to establish their implications in the development of diseases related to those changes.
Conclusions
There is no clinical evidence of a possible inflammatory effect on the intestine caused by NCSs.
NCSs do not cause gastrointestinal alterations but sweeteners that provide volume and texture, such as polyols, can cause symptoms and digestive disorders, mainly diarrhea and bloating, depending on the type of compound and its dose.
High-intensity NCSs do not directly affect intestinal motility.
No carcinogenic potential of NCSs has been demonstrated.
Studies conducted on animal models suggest that aspartame has no influence on the pathophysiology of NAFLD, whereas stevia derivatives appear to have a favorable effect on the percentage of liver fat. However, more studies are needed to establish that possible association.
In patients with chronic liver disease, aspartame should be recommended with caution in those patients susceptible to developing hepatic encephalopathy, until better quality clinical evidence is available.
Studies on experimental models have shown changes in the composition of the gut microbiota associated with NCS ingestion.
More clinical trials are needed to define whether those changes have an impact on the human gut microbiota and their consequences in relation to digestive health.
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